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A freestanding film of vertically aligned single- walled carbon nanotubes (VA-SWNTs) synthesized 
by the alcohol catalytic chemical vapor deposition (ACCVD) method was observed directly by 
transmission electron microscopy (TEM). These observations revealed that the film is comprised 
primarily of small SWNT bundles, typically containing 3-8 SWNTs. The lack of significant bundling 
is supported by electron diffraction spectra, in which no bundle peak is observed, and by electron 
energy- loss spectroscopy (EELS), which shows minimal dielectric screening. This indicates the 
electrical properties of the VA-SWNT film are dominated by the one-dimensional nature of SWNTs, 
rather than behaving as a bulk material. 



I. INTRODUCTION 

Many potential applications of single-walled carbon 
nanotubes (SWNTs) have been proposed since their 
discovery, [lj most of which are based on exploiting 
the novel physical properties of SWNTs arising from 
their quasi-one-dimensional structure. @, 0] This one- 
dimensionality induces strong anisotropy in many SWNT 
properties, such as o ptic al absorption,^, @, 0, Hj] ther- 
mal conductivity,^, [l0[ etc., hence, controlling the 
orientation of SWNTs is highly desirable. Vertically 
aligned (VA-) synthesis of SWNTs was first realizedll 
using a dip-coat catalyst preparation method, 11] and 
were synthesized from alcohol by ACCVD. [12[ Since 
this first report, vertically aligned growth has been re- 
alized by several other groups using various synthe- 
sis techniques such as water-assisted CVD,[13[ oxygen- 
assisted CVD,[14] point-arc microwave plasma CVDjl5[ 
molecular-beam CVD,[16] and hot-filament CVD.[l7flt 
has also been shown that the catalyst can be optimized to 
obtain VA-SWNT growth by traditional CVD methods 
as well, [m, EI m 

In addition to controlling the orientation of SWNTs, 
there is another challenge regarding SWNT synthesis. 
Many of the unique ID properties of SWNTs are lost 
due to bundling of the nanotubes, which not only makes 
many proposed applications impractical or impossible, 
but makes measurements of some fundamental physical 
properties of SWNTs all the more challenging. In partic- 
ular, the effects of bundling on the electronic structure 
of SWNTs have been addressed in many reports in the 
literature. jgj E2, [H, H El 

In this paper, we report the first transmission electron 
microscope (TEM) observations of freestanding, verti- 
cally aligned (VA-) SWNT films produced from alcohol, 
which reveal the films are comprised of very small SWNT 



bundles. This result is supported by electron diffraction 
and electron energy-loss spectroscopy (EELS), the latter 
also indicating the small bundles significantly impact the 
electronic properties of the VA-SWNT films. 
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II. EXPERIMENTAL METHODS 



Preparation of vertically aligned SWNTs by the 
ACCVD method 



The VA-SWNTs used in this study were synthesized 
from ethanol by the alcohol catalytic chemical vapor 
deposition (ACCVD) method. [H Qj This method has 
been described in detail in previous reports, [H, but 
the general process is as follows. Catalyst is prepared by 
dip-coating optically polished quartz glass into a solu- 
tion of Co and Mo acetate dissolved in ethanol (metal 
content 0.01 wt% each). The substrate is then baked 
in air at 400 °C for 5 minutes, which oxidizes the de- 
posited metals and prevents agglomeration at higher tem- 
peratures. Immediately prior to CVD, the sample is 
heated to the growth temperature (typically 800 °C) un- 
der 40kPa of flowing Ar/H 2 (3% H 2 , Ar balance, flow 
rate of 300 seem). After reaching the growth tempera- 
ture, the Ar/H2 flow is stopped, and ethanol is intro- 
duced into the chamber for 10-15 minutes at a pressure 
of 0.8 kPa. An SEM image of VA-SWNTs produced by 
this method is shown in Fig. [T]a. Figure [T]b is a corre- 
sponding resonance Raman spectrum, which reveals the 
presence of high-purity SWNTs. [27[ The dominant RBM 
peak at 180 cm -1 (see inset) has been shown to be indica- 
tive of vertical alignment. [2 8j During ACCVD synthesis, 
the VA-SWNT film thickness was monitored using an in 
situ optical absorbance technique, 0, [5^ allowing accu- 
rate control over the film thickness up to ~30 jam. 
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FIG. 1: SEM image of vertically aligned SWNTs synthesized 
from alcohol. The film thickness can be controlled from 1 to 
more than 30 /xm.[29|| (b) A Raman spectrum representative 
of VA-SWNTs produced by the alcohol CVD method. 



B. Transfer onto TEM grid 

After synthesis, the VA-SWNT film was removed from 
the quartz substrate on which it was grown, and trans- 
ferred onto a TEM grid using the hot- water assisted pro- 
cess described in Ref. [30]. Since this method preserves 
vertical alignment, the resulting sample was a freestand- 
ing VA-SWNT film sitting atop a TEM grid, as shown 
by the SEM image in Fig. [2]a. After transfer onto the 
TEM grid, electron energy-loss spectroscopy and elec- 
tron diffraction measurements were performed at room 
temperature under ultra-high vacuum using a purpose- 
built high-resolution spectrometer having good energy 
and momentum resolution, as described in Ref. [3l|. To 



FIG. 2: (a) illustration of and (b) FE-SEM image of a verti- 
cally aligned SWNT film sitting atop a TEM grid. 



ensure electron transparency, thin films of 2 and 7/im 
were used in the experiments presented here. 



III. RESULTS 
A. Electron diffraction and EELS 

Electron diffraction spectra obtained from SWNT sam- 
ples have three characteristic peaks, including the (110) 
and (10 0) peaks from the graphitic structure, and a 
large peak at low momentum transfer (near 0.7 A -1 ), 
which is caused by inter-tube scattering within SWNT 
bundles. [12, [13 Due to the alignment of the VA-SWNTs, 
we expect an orientation-dependent anisotropy in the 
electron scattering spectra, shown in Fig.[3l As expected, 
the (10 0) and (110) reflections (at 2.9 and 5 A -1 , re- 
spectively) are stronger for incidence along the orienta- 
tion axis, [34[ however there is no indication of the bun- 
dle peak expected at low momentum-transfer. The lack 
of this bundle peak does not imply all the SWNTs are 
isolated, but it does indicate that the extent of bundling 
of SWNTs within the film is minimal. The broad hump 
between 1 and 2 A -1 may be due to the broad diameter 
distribution of the SWNTs present in the sample. [26[ 

High resolution EELS measurements also indicate min- 
imal SWNT bundling within the VA-SWNT films. Fig- 
ure [4]a shows two EELS spectra for momentum trans- 
fer Aq = 0.1 A -1 . The red line corresponds to the VA- 
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FIG. 3: Electron diffraction intensity profiles of the VA- 
SWNT film showing alignment-induced anisotropy, but no 
bundle peak in the \ow-q region. 



SWNTs discussed in this report, and the black line cor- 
responds to magnetically aligned bundles of SWNTs. [32| 
A full analysis of the EELS spectra for these two sam- 
ples can be found in Ref. [35] , but here we focus only on 
the low momentum transfer region (A < 7 = 0.1A- 1 ), which 
can be compared to optical absorption spectroscopy. The 
peaks in these spectra shown in Fig. H] correspond to 
plasma oscillations (plasmons) [H, [3y, [33, [38[ in the tt 
electron system (between 5 and 7eV) and the combined 
oscillation of the tt and a electrons (around 20 eV). For 
the VA-SWNTs discussed here, both plasmon excitations 
are found at lower energies than in the magnetically 
aligned SWNTs. [321] The tt plasmon energy is particu- 
larly sensitive to the local dielectric response function, 
which changes with polarization and shielding effects. 
This peak for the VA-SWNTs (see Fig. [H inset) appears 
at 5 eV, which is a full 1 eV lower than in the magnetically 
aligned SWNT sample, and in good agreement with the 
value of 4.5 eV previously obtained from polarized optical 
absorption measurements of VA-SWNTs. [7[ Considering 
the electron diffraction results and the sensitivity of the 
tt plasmon energy to local shielding effects, this reduced 
plasmon energy is very likely due to reduced bundling of 
the SWNTs within the vertically aligned SWNT film. 



B. TEM observation 

In order to test this small-bundle hypothesis, the VA- 
SWNTs were observed in a transmission electron micro- 
scope (TEM), such that the perspective was along the 
alignment direction (i.e. down from the top of the film 
shown in Fig. [2]a). Fig. [5]a was taken with an acceler- 
ating voltage of 300 kV using an FEI Tecnai F-30 micro- 
scope. Despite the thickness of the sample (2/im), its 
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FIG. 4: EELS spectra for momentum transfer Aq = 0.1 A -1 
showing the tt and tt + a plasmon peaks for magnetically 
aligned SWNT bundles (black line, from Ref. [32]) and VA- 
SWNTs (red line). The lower energy of the tt plasmon for 
VA-SWNTs (see inset) indicated reduced tube-tube interac- 
tions. 



low density makes it transparent to the electron beam. 
The high acceleration voltage results in very easy trans- 
mission through the sample, thus SWNTs in the fore- 
ground and background are not apparent in the image. 
The dark spots dotting the image are not metal parti- 
cles or carbonaceous impurities, but are cross-sections of 
small SWNT bundles passing through the image plane. 
The large number of cross-sections visible in this image 
is due to the overall alignment of the SWNTs. The bun- 
dles have a diameter of < 10 nm, and typically contain 
3-8 SWNTs. A few isolated SWNTs were also found dis- 
persed throughout the film. 

The images shown in Fig.[5]b and[5]c were taken using 
reduced acceleration voltages (200 and 120 kV, respec- 
tively. These images were also obtained using a thicker 
VA-SWNT film (approximately 7/im). The lower ac- 
celeration voltage and thicker VA-SWNT film made the 
thickness of the film much more apparent, particularly in 
Fig. [5]c. The SWNT bundles in the thicker film may be 
slightly larger than those found in Fig.[5]a, tending closer 
to 6-10 SWNTs per bundle, but the overall internal struc- 
ture observed in both cases is basically the same. This 
new perspective on the internal structure supports the 
EELS and electron diffraction results indicating minimal 
bundling of the VA-SWNTs. From the TEM images, 
however, the SWNTs seem less- well aligned than indi- 
cated by typical SEM observation. It is possible that the 
exposed SWNTs at a free surface of the VA-SWNT film 
differ from the inside, which might explain the difference 
between SEM and TEM images. 

The TEM observations shown above indicate the bun- 
dles comprising the VA-SWNT film typically contain 3- 
10 SWNTs. For bundles of this size, most or all of the 
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SWNTs are on the 'surface' of the bundle, and essentially 
none in the interior, or bulk of the bundle. Hence, one 
expects very little change in the dielectric response func- 
tion caused by surrounding SWNTs. Early calculations 
by Lin et al, [39] show the dispersion of the 7r plasmon 
in individual SWNTs should be larger than in bundles, 
in agreement with our EELS spectra. A detailed anal- 
ysis of the EELS results will be addressed in a separate 
report, but these initial results indicate the SWNTs 
in the vertically aligned film are sufficiently unbundled to 
retain the ID electrical nature of the component SWNTs. 




IV. CONCLUSIONS 




In summary, we report the first TEM observations of a 
vertically aligned (VA-)SWNT film along the alignment 
direction. These observations reveal that the VA- SWNTs 
form unexpectedly small bundles (containing fewer than 
10 SWNTs). Electron diffraction and electron energy- 
loss spectra obtained from these VA- SWNTs show few 
signs of bundling, including the lack of a bundle peak in 
the diffraction spectra, and a tt plasmon energy signif- 
icantly lower than that of magnetically aligned SWNT 
bundles. [H These findings indicate that the VA-SWNT 
film is composed of sufficiently small bundles that the 
overall electronic properties of the film are dominated by 
individual SWNTs rather than bulk SWNT bundles, 
and are very interesting for future studies on the ID prop- 
erties of SWNTs, and promising with regard to applica- 
tions that take advantage of the unique electronic/optical 
properties of aligned SWNTs. 





FIG. 5: TEM images along the alignment direction of a free- 
standing VA-SWNT film. The cross-sections of many small 
SWNT bundles can be seen. The image in (a) was taken at 
300 keV with a Tecnai F30, while (b) and (c) were taken at 
200 and 120 kV, respectively using a JEOL JEM-2000EX. 
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